Abstract The case study conducted in this paper looks at residential water pricing from three different points of view. It first describes existing urban water-pricing practices in Southern France, emphasizing that pricing is not yet being used as a tool for providing economic incentives to save water. It then looks at the observed impact of pricing on water consumption, through an econometric analysis of a cross-sectional data set. The analysis suggests that demand, with an estimated price elasticity of −0.2, is not yet very responsive to price variation. A regional water model (300 municipalities) is then developed and used to simulate the potential impact of various water-pricing scenarios on aggregate water demand, aggregate water sales revenue, and consumer surpluses. The results illustrate the trade-offs that have to be made between the search for environmental effectiveness, cost recovery, and equity when implementing complex water-pricing structures such as block rates or seasonal water pricing.
water resources efficiently (Article 9). The 1992 and 2006 French Water laws confirm this trend, by compelling Water Utilities to design tariffs which provide higher conservation incentives (environmental objective) while allowing water utilities to cover their costs (economic sustainability). One of the specific requirements of the 2006 law is that fixed charges should not exceed 30% of the average bill (i.e. a bill for 120 m 3 /year). To comply with this new regulatory framework, many Water Utilities will have to simultaneously reduce fixed charges and increase volumetric rates. Given that this change may have an undesirable social impact (Di Cosmo 2011) , Water Utilities may consider using more complex tariff systems which, in theory, can simultaneously reduce demand, improve equity, and be revenue neutral. This is for instance the case for seasonal tariffs (ST), which consist of charging higher prices during the peak demand period, or increasing block tariffs (IBT), under which the marginal price increases with the quantity consumed (Hanemann 1998) . In these two tariff systems, the rationale consists of imposing higher prices on users who generate a costly peak demand (e.g., users of second homes or owners of large homes with gardens and swimming pools). In the IBT case, social justice concerns can also be incorporated by making the initial volumes cheaper, the tariff being used to generate revenue-neutral cross-subsidies. Overall, both IBT and ST theoretically yield higher welfare benefits than the single-price policy (Krause et al. 2003) .
Many studies have however shown that the impacts of such complex tariff are relatively complex (Olmstead et al. 2007; Barberán and Arbués 2009; Barraque 2011) . Practical implementation of IBT (e.g., choosing the block width and water-price levels) is still considered by water utilities to be a challenge, in view of the risk of unexpected financial or social impacts. This may explain why few French Utilities currently use IBT or ST -or when they do so, do not vary marginal price significantly (Montginoul 2007) . There is thus an obvious need for simulation tools that can be used to assess the impacts of various rate structures and levels on water demand, revenues, and certain equity indicators.
While relatively sophisticated approaches have been developed to simulate ex-ante the impacts of various tariff systems (García-valiñas 2005) , few of these approaches can easily be deployed by water professionals at the municipal, catchment, or regional level, without involving complex econometric analyses. Moreover, few simulation tools have been developed to simultaneously assess the impacts of tariff changes on water conservation, cost recovery, and equity indicators. This paper presents an attempt to fill this gap. Using a methodological approach inspired by Jenkins et al. (2003) , a model was developed which can easily be deployed at the catchment level. The originality of the approach lies in the scale at which the model is developed (i.e., several hundreds of municipalities). It also lies in its ability to account for the heterogeneity in municipal demand functions that result from differences in population income, housing characteristics, tourism-related activities, local climate, etc.
The research is based on a case study conducted in Southern France, in an area covering two river basins and one large aquifer (300 municipalities, area of 5000 km 2 , 600,000 inhabitants). Data used include secondary data provided by the National Statistical Institute (INSEE) and primary data (pricing, water use) collected through a field survey. Using a cross-sectional data set, an econometric analysis is first conducted to identify factors that explain variations in water-consumption levels, including price level and structure. Average price elasticity is estimated using various functional forms. A simulation model is then constructed to simulate changes in water demand under several scenarios. The model enables testing of the impact of changes in price level and tariff structure (increasing block rate pricing, seasonal pricing). The remainder of this paper is organised as follows. Section 2 briefly describes the case study and provides an overview of the methodology. Section 3 describes the tariffs currently used by water utilities, and Section 4 presents the results of the econometric analysis. Simulation results depicting the impacts of various tariff scenarios are presented in Section 5. The paper concludes with a discussion of its policy implications.
Case Study and Methodology

Case Study Presentation
The analysis presented in this paper is part of a broader research study carried out over several years in a large coastal zone located in the Languedoc Roussillon region of France. The case study area encompasses 300 municipalities that draw on three major water resources: the Orb and Hérault rivers; the alluvial aquifers of these two rivers; and the Astian sand captive aquifer. The region is characterized by growing water needs mainly due to urban population growth and, to a lesser extent, to agricultural water needs. In previous work conducted in this geographic area the authors have estimated the future water deficit at 28 million cubic metres per year by 2020 (Rinaudo et al. 2010 ). This future water deficit is mainly attributed to urban development and the types of dwelling constructed (mainly detached houses with gardens and swimming pools). In this context, local policy-makers are looking for new resources to meet the growing water demand. Feasibility studies are currently being conducted to develop inter-basin transfers, use deep groundwater, and to install desalination plants. In parallel, there is a growing interest in water-demand management solutions, including reduction of leakages in distribution systems, water conservation and the use of incentive water pricing. The present study was initiated in this context. Its main objective was to estimate the reduction in water demand which could be achieved with incentive pricing systems.
Methodology
The work was carried out in three steps: (1) a survey of existing water tariffs; (2) an econometric estimation of price elasticity; (3) the development of a water-demand model and its application to simulate the impact of changes in water tariffs.
The survey of existing water pricing practices was implemented by using a survey methodology developed by Montginoul (2007) . A detailed questionnaire was mailed to all the Public Water Utilities, to collect information on water abstraction and sales, and waterpricing structure (e.g., flat rate, volumetric pricing, increasing block). The information collected was then incorporated into a regional database containing socio-economic information (e.g., type of housing, population characteristics, income level), climatic information (temperature and rainfall), and land use (indicator of urban density). Using a cross-section of data for the year 2005, a statistical model was then constructed to explain the differences observed in terms of water consumption per inhabitant, using a sub-sample of 137 municipalities (out of the 300) for which complete information was available.
The statistical model was estimated using the following form: log C ð Þ ¼ a þ b1:log p ð Þ þ b2:log I ð Þ þ bi:Xi, where C is the per capita annual water consumption, 1 p is the marginal price of water (for a 120 m 3 water use), I the average municipal household income, Xi represents other explanatory variables such as local weather, density of second homes, etc. (additional details are provided in the next section), α is the intercept, and all βi are estimated coefficients. The choice of a log-linear functional form to describe the relationship between consumption on the one hand, and price and income on the other hand, is motivated by previous research where it was shown that elasticity can be considered to be constant and that it does not decrease along the demand curve (Gaudin et al. 2001) . Also, as opposed to other functional forms, the log-log specification form facilitates interpretation of the coefficients as elasticity estimates, and enables direct comparisons with the existing literature.
In the third part of the work, a water-demand model is developed to simulate the impact of changes in price level and structures for the 300 municipalities in the case-study area. The methodology adopted is based on Jenkins et al. (2003) . A simple water-demand function is assumed, such that C0k.P ξ , where C is water consumption, 2 P is the marginal water price, ξ is the price elasticity, and k is a constant reflecting the structure of water use (e.g., differences in local climatic conditions and population income level). Our choice of this demand function is consistent with the choice of a log-linear functional form for the econometric analysis, and the assumption that price elasticity remains constant along the demand curve (Gaudin et al. 2001) .
After calibrating the k parameter for each of the 300 municipalities, the impact of changes in water-price levels and structures are simulated, taking into account their specific socioeconomic characteristics (e.g., initial price level and proportion of detached houses). Simulations are carried out for price increase ranging from 0 to 2.5 €/m3, using various tariff structures (simple proportional, increasing block rate, seasonal pricing). The model calculates three main output variables: variation in total water demand; change in consumer surplus; and variation in revenue from water charges for the utility operating the distribution system. Note that calculations are performed separately for each municipality before aggregating the results and that the model only simulates water demand by consumers, without considering losses occurring in the distribution system which are assumed to be independent from tariffs implemented.
Existing Water-Pricing Practices
In the area studied, the average price is 2.2 €/m 3 , drinking water and sanitation charges included. This average price is calculated for a consumption of 120 m 3 /year. It corresponds to the total bill for 120 m3 divided by 120. This value is significantly lower than the national average (3.1 €/m 3 ), which can be explained by the fact that 17% of the municipalities do not have any wastewater treatment facility (no charge). As in most French Water Utilities, bills are issued every six or twelve months. Water is charged on a volumetric basis in 99% of the municipalities (2 flat-rate cases only). On average, the fixed portion of the water bill represents 26% of the total water bill (for a 120 m 3 consumption), but it exceeds 40% of the bill in 19% of the municipalities. A simple two-part tariff is used by 80% of the municipalities.
Increasing block pricing is used by 14% of the municipalities. The first block corresponds to a consumption of 80 m 3 (median) -which is less than the average 120 m 3 consumed by most households in a year. Other block widths are highly variable, but they are often quite large and designed to discriminate between residential, commercial, and industrial users. Table 1 below shows the prices charged for the various blocks, for the 14% of municipalities 2 Same definition as in foot-note 1. using increasing block tariffs. Block prices are significantly different: one cubic metre consumed in the 4th block costs five times more than in the first block (drinking-water charge); however, the difference in price is less significant for wastewater treatment tariffs.
At the time of the survey (2007), decreasing block pricing was still used in 5% of the municipalities. However, the differences between prices charged for the various blocks are not significant: the average price is 0.82 €/m 3 for the first block and 0.58 for the last block. Moreover, the price generally decreases for very high consumption levels (250 to 500 m 3 per year). This suggests that decreasing block pricing targets commercial activities, not households. It is mainly implemented where public utilities want to maximize water sales to recover heavy investment costs.
Factors Determining the Level of Water Consumption
A statistical analysis was next conducted to estimate the impact of price on water demand, using cross-sectional aggregate data at the municipal level. The explained variable is the total volume of water sold in each municipality divided by the permanent population of the municipality. Industrial water sales are excluded, but sales to commercial activities, offices, hotels, and camping sites are included in the explained variable. The model was developed on the assumption that water consumption is determined by the following groups of factors (Table 2) : -Population socio-economic characteristics (including income level, household size, proportion of households owning their housing, etc.). 
DETACHED_HOUSES Proportion of detached houses in total housing
Simulating the Impact of Pricing on Residential Water Demand-Urban characteristics (number of second homes, and proportion of population living in apartment buildings versus detached houses). -Structure and level of water and sanitation tariffs (marginal price level, and pricing structure). -Climate, which determines the intensity of garden-water needs: number of consecutive hot days (heat wave phenomena) and number of consecutive dry days (drought conditions). -Whether consumers are allowed to drill a low-cost private well in order to substitute cheap untreated groundwater for municipal drinking water; the less expensive drilling is, the lower drinking-water consumption should be. For a description of the phenomenon in this part of France, see Montginoul and Rinaudo (2011) .
The primary data employed relate to price, water use, and estimates of the cost of drilling. The secondary data come from the national population census (INSEE, the National Statistical Institute) and the French Meteorological Institute (MeteoFrance).
The results of the econometric analysis (Table 3) show that the marginal price of water is a significant determining factor. Price elasticity is estimated at −0.18 which is well within the range of values reported in case studies in France (Nauges and Thomas 2003; Reynaud and Nauges 2010) or elsewhere in Europe (Espey et al. 1997; Arbues et al. 2003; Worthington and Hoffman 2008; Schleich and Hillenbrand 2009) . This means that a 10% increase in price would result in a 1.8% decrease in water consumption. Other factors have the expected signs. As anticipated, water use is positively correlated with the cost of drilling a private borehole (the more expensive a borehole, the less people drill, and the more water they take from the mains). Water use is positively correlated with heat waves and drought indicators, and this relationship is statistically significant. The presence of second homes is also a key determining factor, and water consumption is higher for municipalities characterized by high income populations (income elasticity estimated at 0.42). Unexpectedly, the use of IBT does not have a statistically significant impact on water use. Also, the indicators do not provide evidence of a statistical relationship between water use and the ratio of single to multifamily housing units. 
Simulating the Impact of Changes in Water Pricing
The simulation model presented in the second section was then implemented and used to simulate the impact of various water-pricing scenarios. The originality of the model developed resides in the scale at which it operates (calculation conducted at the municipal level, considering their specific characteristics) and the types of results it delivers. It not only estimates changes in water consumption but also calculates changes in revenues for the public water utility, and variations of consumer surplus for four main types of households. The information obtained can thus be used to assess various scenarios in terms of environmental effectiveness, cost recovery, and equity. Several water-pricing scenarios are simulated. The various curves in Fig. 1 show the simulated variation of total water demand (in m 3 ) in the 300 municipalities for various price level increases ranging from 0 to +2.5 €/m 3 (horizontal axis) and for various pricing structures (separate curves). The first scenario (curve 2PARTS on Fig. 1 ) simply consists of increasing the volumetric price by a fixed amount (ranging from 0 to 2.5 €/m 3 ), which consumers have to pay on top of the existing price in each municipality. Given that the objective is solely the reduction of water consumption, the extra revenue generated by the price increase is redistributed to consumers through a reduction in the fixed charge. Figure 1 shows that an increase of 1€/m 3 (corresponding to a 50% increase in the current marginal price) would reduce total regional demand by approximately 3 million cubic meters per year -the equivalent of 20,000 households or 48,000 inhabitants. Given that approximately 8,400 new inhabitants migrate into the case-study area each year, this would allow a 6-year postponement of the costly investments needed to mobilise new water resources. This clearly illustrates an additional benefit of water conservation which is rarely highlighted in the literature (Kanakoudis et al. 2011) .
The second scenario consists of increasing the volumetric water price during the summer period only (curve SEASONAL). Note that although the reduction in water demand is smaller than in the first scenario, it occurs in summer when water resources are limited and demand is at its maximum level. Moreover, this seasonal pricing system is theoretically more cost-effective, since it does not impact the consumer surplus in winter when water is plentiful, and operates only when water demand is at a maximum and water resources are limited. Moreover it improves equity by increasing the relative contribution of seasonal residents (owners of second homes, tourists), who are responsible for additional investment costs but rarely pay for them under a uniform annual water price. Figure 2 shows how an increase in the price level (with a two-part tariff) affects the total demand of consumers in detached houses with and without gardens. The curves shown in Fig. 2 are based on calculations performed at the municipal level, taking into account the proportion of each type of housing, before regional aggregation. Figure 2 clearly shows that households occupying single-family houses (with gardens) are the most affected. Similarly, welfare changes are estimated for various types of households, using the consumer economic surplus as a measure of well-being. Figure 3 shows the variation of economic surplus for several types of consumers, assuming a seasonal tariff is implemented and progressively raised (summer price surcharge of 0 to 2.5 €/m 3 , compensated by a reduction of the price in winter). For instance, adding a surcharge of 1€/m 3 in summer would reduce by 40 €/ household per year the economic surplus of households occupying single family houses, versus only 15 to 20 € for other types of consumers. One may consider this to be a desirable social impact, since it leads to an increased financial contribution from households generating extra investment costs for the peak-demand period. The model is then used to simulate the complex impacts of IBT. Several IBT scenarios are considered, all assuming a three-block system. The first block ranges from 0 to 50 m 3 , the second block from 51 to 100 m 3 and the third block more than 100 m 3 . Each water-pricing scenario is described by three values (a,b,c) , where a is the price increase for the first block, b the price increase for the second block, and c the price increase for the third block. The three block prices are then varied to achieve different objectives:
-In scenario (0,0,X), the price is unchanged for the first two blocks and increased by X for the third block (X being varied from 0 to 2.5 €/m 3 ). The objective of this scenario is to penalise water uses above 100 m 3 /year, which mainly correspond to outdoor uses (garden irrigation and swimming pools).
-In scenario (0,X,X), the price is unchanged for the first block (for social reasons) but progressively increased by X €/m 3 for the second and third blocks. This scenario aims to promote water conservation indoors (toilet flushes and appliances) as well as outdoors.
-Scenario (0,X/2,X) is a progressive scenario: the first block is unchanged, the second increases by X/2 €/m 3 (targeting indoor uses), and the third by X €/m 3 (targeting outdoor uses). -In the last scenario (-X/5,0,X), the price of the first block is reduced by X/5 €/m 3 (i.e., first block subsidised at a 20% rate), the second block is unchanged, and the third block is increased by X €/m 3 (collection of additional revenue to offset the first-block subsidy).
The resulting effect on aggregate water demand is depicted in Fig. 4 . The curves shown on this figure are constructed by varying X from 0 to 2.5 €/m 3 . They show, for instance, that if an increase of 1 €/m 3 is applied with a (0,0,X) structure, water demand will decrease by 2.3 million cubic metres. If a (0,X,X) structure is applied, this 1 €/m 3 price increase will reduce total water demand by 3 million m 3 . Overall, Fig. 4 shows that for a reasonable price increase (X01€/m 3 ), the various scenarios will yield relatively similar water conservation effects (between 2.7 and 3.5 million m 3 per year). For a higher price increase (X02 €/m 3 ), the difference becomes significant (from 3 to 4.5 million m3).
By contrast, the effects on aggregate revenues differ drastically. Figure 5 clearly shows, for instance, that the choice of a (0,X,X) pricing structure will increase revenue. The same conclusion applies to (0,X/2,X). Interpreting the results for the two other scenarios is more complex. For instance, the reason why (0,0,X) leads to a reduction of income is because a number of large users are shifting from the third to the second block. In this case the loss of volume sold in the last block is not offset by the increase in price of this last block. Similarly, the (-X/5, 0, X) scenario generates huge financial losses for the Water Utilities. Indeed, while all consumers are being subsidised for their first block (50 m 3 /year/household), only a few large consumers generate additional income due to the increase in the last block. Moreover, many large consumers shift from the last to the second block -whose price is unchanged. Overall, these results show the complexity of predicting the revenue impact of using IBT, at the aggregate regional level.
The various water-pricing scenarios simulated above are compared, assuming an increase in X of 1 €/m 3 . Table 4 shows that an increase of 1 €/m 3 can yield a reduction of water demand ranging from 1.6 to 3 million m 3 per year. Keeping in mind that within our casestudy area the anticipated 2020 water deficit will be about 28 million m 3 , these simulation results show that water pricing is probably part of the solution -but not a complete solutionfor the future water crisis. Other actions will in any event have to be undertaken, including reduction of leakages in distribution networks, the promotion of water-conservation actions, and the mobilization of new water resources. Table 4 also shows that increasing X by 1 €/m 3 may have contrary effects on the budgets of water utilities, depending on which tariff structure is selected. Two block tariffs (0, 0, X and (-X/5, 0, X) lead to budget deficit situations. All the other scenarios will generate excess revenues which could either be used to reduce the fixed portion of the water bill for all consumers, or reinvested in water-conservation programs. 6 Discussion and Conclusion
The results of this study illustrate that the choice of a water-pricing structure is a complex exercise, involving trade-offs between cost recovery, equity, and environmental efficiency. The simulation tool presented in this paper can be helpful in understanding this trade-off and in exploring the various impacts of alternative scenarios. The main advantage of this model lies in the scale at which it can be implemented (river basin) and its ease of implementation by water managers and planners, without involving the use of complex econometric techniques. From a policy perspective, the results of our simulations confirm previous findings concerning the use of IBT as a redistributive tool. Cross subsidies between blocks will most likely cause cost recovery problems. To avoid such problems, more sophisticated IBTs have been considered by scholars and practitioners, including for instance option tariffs specifically designed to reduce the bills of large families (Barberán and Arbués 2009) or the use of per capita IBTs as already practiced by many water utilities in Southern California. It is however often recommended that social issues should be addressed "outside the water bill", as already suggested by both academic authors (Barraque 2011) and practitioners (AWWA 2004) .
From a methodological perspective, our simple modelling approach is characterised by a number of assumptions which can be debated. The first problematic assumption is that price elasticity values remain valid outside the price range within which they were estimated. Results from empirical studies suggest that this may not be the case. In their meta-analysis of price elasticity, Espey et al. (1997) have shown that elasticity values reported in case studies are positively correlated with price levels and that they can be influenced by the pricing structure used, climate, and other factors. However, given the difficulty of predicting future changes in price elasticity, the authors recommend the adoption of a conservative assumption, e.g., keeping elasticity constant, as in our own case study.
The second debatable assumption is that households perfectly understand their rate structure and respond to marginal price changes. This has been challenged by Nieswiadomy (1992) and by later studies showing that the mere existence of IBT can reduce demand, irrespective of the change in price level (Kenney et al. 2008 ). Other studies have also shown that price response was positively correlated with households' level of information concerning tariffs. As an illustration, one american study found that a utility that provides detailed tariff information on its water bill can attain the same level of conservation with a 30 to 40% lower rate increase (Gaudin 2006) . The model presented in this study can clearly not account for this effect of information and awareness-raising programs, thus probably underestimating the water-conservation effect of water-pricing policies.
The third caveat regarding our modelling approach is that it does not account for the possibility that households may develop alternative water sources, such as gray water recycling, rainwater harvesting, or private borehole drilling in response to tariff increases. This trend is already being observed in many industrialised countries such as France (Montginoul and Rinaudo 2011) , Australia (Hurlimann 2011) , and Belgium (AQUAWAL 2010) among other countries. Indeed, an increased marginal price is likely to provide significant incentives for large consumers to invest in such alternative, decentralized water-supply systems, as shown by Montginoul and Rinaudo (2011) in the case of private boreholes in France. However, if some consumers quit or use less, then others will have to pay more, since all consumers are bound together by the heavy fixed cost of infrastructure (Barraque 2011) . This shows the need for more comprehensive modelling approaches that will account for the possibility of resource substitution-a new area of research which the authors are currently investigating.
